Some rare metal elements such as Mn, Nb and V are contained along with Ρ in iron ore. As a resource strategy in Japan, the possibility of efficient recovery of these elements as byproducts of steel in conventional iron and steelmaking processes has been discussed. It was clarified that rare metals can be easily transferred to molten pig iron in a blast furnace, and to steelmaking slag in a hot metal pretreatment and an oxygen blowing furnace. Rare metals were concentrated in specific mineral phases during the cooling and solidification of the steelmaking slag. The separation of the phases containing higher contents of rare metals from other phases is considered to be a key-point in order to obtain a higher quality ore substitute.
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Steelmaking Processes strength of hot rolled steel sheets. The press performance, profile accuracy and resistance to fatigue of DP steel and TRIP steel are improved compared with HSLA steel. In these steels, a critical structure control using rare metal such as Nb has been used by controlling the heat history during the hot rolling, cooling and coil winding processes. When a large amount of Cr and Ni are used in stainless steel, it is called austenitic stainless steel.
Recently, stainless steel not containing Ni, which is called ferritic stainless steel, has been used for the exhaust systems of cars and motor vehicles. Ferritic stainless steel has also come to be used also for buildings and durable consumer goods. In this stainless steel, Nb or Ti are used above 0.5% for resistance to oxidation at high temperature. 
Use of rare metals in frontier industries
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tons Co contained in home scrap were changed to steel in steel plants.
In the case of V, 90% of the annual consumption of 5,600 tons is used for steelmaking. The V content is 1.75 mass% in high-tensile steel and 4.2-5.2 mass% in high-speed steels. These steel scraps are dissolved not alone, but with other low V steels. Therefore, the V content in the slag obtained by the conventional refining process is too low to recover V from those slags technically and economically.
The annual consumption of Nb is 7,200 tons, and is mostly used for steelmaking. Nb is called the rare metal with the most strict nationalism over resource. Since 90% of the Nb ore supplied to the world is mined by Araxä in Brazil, an uneasy supply is feared in the future.
The Nb content in slag obtained by the conventional refining process is too low to recover Nb from those slags technically and economically.
It is known that some rare-earth metals can be recycled technically, but they are hardly recycled due to the high recycling cost and small commercial market of rare-earth metals.
Generally, the recovery of rare metals from scrap and waste has not been examined thoroughly despite the uneasy supply of rare metal ores in the future, because the concentration of rare metals in scrap and waste is lower than the cost advantage of commercial recycling.
In the present material flow in Japan, most wastes containing the above mentioned rare metals are exported or abandoned.
On the contrary, Ni, Cr and Mo have been recycled positively. The Ni price rose suddenly due to the ore supply trouble because of the strike by mine workers and smelters several times, and due to the rapid increase in austenitic stainless steel demand and the speculation as a Mo amount contained in in-house generated rubbish and external buying rubbish. 
Recovery of rare metals contained in iron ore
A long-term stable supply of iron ore has been established by the efforts of the steelmaking companies in Japan. Some rare metal elements (Mn, Nb, V) are contained in iron ore along with phosphorus as shown in Table 3 . Therefore, it is extremely effective for the resource strategy of our country when these rare metals and phosphorus can be recovered as a by-product of steel. In this section, the possibility of recovery of rare metals and phosphorus contained in iron ore will be examined on the basis of the reduction in ironmaking and the refining in the steelmaking process.
When the recovery of rare sources is carried out using the process shown in Figure 1 , the behavior of rare metals and phosphorus at each stage is explained as follows:
1. By the carbon reduction of iron ore, which contains valuable elements voluminously, those elements are transferred to the molten pig iron. 
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Formation of rare metal carbide
When iron ore with a high Ti content is reduced by coke in the ironmaking process, the TiC layer is [Nb] + C(s) = NbC(s) [4] log [mass% Nb] = -3980/7"+ 2.53 [5] As a comparison, the TiC usually observed in a blast furnace hearth forms after reaction [6] . The temperature dependence of Ti content in a molten iron double-saturated with carbon and TiC is expressed by Equation [7] /13/.
[Ti] + C(s) = TiC(s) [6] log [mass%Ti] =-6760/7'+ 3.965 [7] The relationship between the content of Nb and Ti in a carbon saturation molten iron saturated with NbC and TiC, respectively, and reciprocal of absolute temperature are shown in Figure 4 by using Equations [5] and [7] , It can be found from this figure that the loss of these metals by carbide generation can be prevented when neither Nb norTi exceeds 1 mass% above 1773 K.
The V content in a carbon saturation molten iron saturated with VC, which had not been reported previously, is estimated as follows: Equation [8] describes the VC precipitation reaction. The temperature dependence of V content in molten iron is expressed by Equation [9] Table 4 is the parameter which indicates the effect of a third element, /, on the carbon solubility of iron /14-16/.
[V] + C(s) = VC(s) 74,5/ AG 0 = -19450+13.2Γ (cal) [8] [ However, a solution of nonlinear equation [12] was not obtained. Raghavan /17/ showed the Fe-C-V phase diagram by the calculation based on the results by Oya /18/. Based on Raghavan's diagram, the temperature dependence of the V content in molten iron saturated with VC and C is calculated as shown in Figure 4 . It was found that the V content is so high that VC does not substantially precipitate in molten pig iron.
Oxidation of rare metals in iron melts
The oxidation of rare metal in iron melts by FeO is discussed using thermodynamics data /4-9/. The relation between the free energy of the reaction 2Fe(/) + 0 2 = 2Fe t O(/) (zfG°=-l 11,500 + 21.94T (cal) /5,8/) and temperature is shown in Figure 2 . Since it was concluded that the metal, M, whose Μ /M x/2 0 equilibrium line was in the lower part of Fe/FeO line, is The ferro alloy containing a large amount of rare metals might be produced after the reaction of the concentrated mineral phases with iron and reducing agents such as Al, Si and C, as can be seen in Figure 2 .
The production of high purity rare metals from concentrated mineral phases will be discussed in a separate paper.
Estimation of the amount of rare metals and Ρ recovered from iron ore
For instance, as 10 million tons of steel a year is manufactured by using TAHAROA iron ore mined in New Zealand (total Fe = 56 mass%) as shown in Table   3 , 53,000 tons V, 89,000 tons Mn and 30,000 tons Ρ are obtained by assuming the complete recovery of V, Mn and Ρ in the iron ore. The annual demands of V, Mn and Ρ are 10,000 tons, 1.13 million tons and 25,000 tons, respectively, in Japan. Therefore, the amounts of V and Ρ obtained from TAHAROA iron ore fulfill those requirements, while Mn supplies 8% of the quantity demanded. It contributes to the Japanese resource strategy that the steelmaking industries can supply a larger amount of valuable elements as by-products, when they use iron ore containing higher contents of those elements.
CONCLUSION
For the construction of a rare metal recovery system using the conventional steelmaking process, it is considered to be efficient that some iron ores containing rare metals are intentionally used as a raw material of a small blast furnace. In this process, rare metals are transferred to pig iron melts in the furnace, and to slag in the hot metal pretreatment and BOF. After the concentration of those elements to specific mineral phases in steelmaking slag during the cooling and solidification, the separation of those phases are required in order to obtain a higher quality ore substitute.
A real process will be derived by the basic technologies, which will be established by the examinations of experimental findings and heat and material balance analysis.
The recovery of elements indispensable to frontier industry is not discussed in the present study. Some of those elements are subordinate rare metals, and not present as a single deposit. Table 5 shows the rare metals contained in main ore. Since these rare metals can be supplied as long as the common metals are produced, it might be considered that the necessity of recycling them is low. However, recycling technologies should be improved against the possibility of a drastic increase in rare metal demand by the development of new technologies. 
